The results of an experimental examination of the vortex structures shed from a low profile "wishbone" generator are presented. The vortex generator height relative to the turbulent boundary layer was varied by testing two differently sized models. Measurements of the mean three-dimensional velocity field were conducted in crossstream planes downstream of the vortex generators. In all cases a counter-rotating vortex pair was observed. Individual vortices were characterized by three descriptors derived from the velocity data; circulation, peak vorticity, and cross-stream location of peak vorficity. Measurements in the crossplane at two axial locations behind the smaller wishbone characterize the downstream development of the vortex pairs. A single region of streamwise velocity deficit is shared by both vortex cores. This is in contrast to conventional generators, where each core coincides with a region of velocity deficit.
The results of an experimental examination of the vortex structures shed from a low profile "wishbone" generator are presented. The vortex generator height relative to the turbulent boundary layer was varied by testing two differently sized models. Measurements of the mean three-dimensional velocity field were conducted in crossstream planes downstream of the vortex generators. In all cases a counter-rotating vortex pair was observed. Individual vortices were characterized by three descriptors derived from the velocity data; circulation, peak vorticity, and cross-stream location of peak vorficity. Measurements in the crossplane at two axial locations behind the smaller wishbone characterize the downstream development of the vortex pairs. A single region of streamwise velocity deficit is shared by both vortex cores. This is in contrast to conventional generators, where each core coincides with a region of velocity deficit.
The measured cross-stream velocities for each case are compared to an Oseen model with matching descriptors. The best comparison occurs with the data from the larger wishbone.
Background and Research Objectives
Vortex generators are used to provide a measure of flow control. Most often the goal is to achieve some resistance to boundary layer separation or to reduce the deleterious effects of locally strong secondary flows.
In external flow situations, such as that encountered on airfoils, the most common application is upstream of flight control surfaces where boundary layer attachment is often critical to flight performance.
In internal flows vortex generators are used to prevent flow separation and reduce total pressure distortion. These effects occur often in inlet ducts and diffusers, due to such factors as duct centerline curvature and large changes in duct cross-sectional area.
The key to vortex generator performance is in the mixing and secondary velocity field created downstream by the shed vortex structures. If properly situated in the flow field, the helical motion of the fluid in the vortex forces high energy fluid of the freestream into the slower moving fluid of the boundary layer while countering the tendency of naturally occurring secondary flows to distort the flow field by the opposite mechanism, namely to displace boundary layer fluid away from the wall and into core regions of the flow.
Since the vortex generator presents an obstruction in the flow, there is a drag penalty paid for its use. Conventional blade type or delta wing type vortex generators are found to work best when the vortex generator height above the flow surface, h, is approximately that of the local boundary layer thickness, 6. Recent work in the design and performance of vortex generators has produced low profile vortex generators that meet or exceed the mixing and strength performance of more conventional types. The height ratio, hi6, for a low profile vortex generator is typically between one and three-tenths, thereby proriding a substantial reduction in the drag penalty paid for its use. Low profile vortex generators have been used recently to improve the high angle of attack behavior of missiles, 1 control a shock-boundary layer interaction, 2 and improve the total pressure distortion and recovery performance of a diffusing S-dueL 3 Figure 1 illustrates the use of a "wishbone" generator, which is a particularly effective low profile design. The secondary velocity Our qualitative description of embedded vortex structare can be quantified using three parameters or "descriptors". For any embedded vortex i these are:
1.
(zi, Yi) --Location of the vortex core center. Its variation with axial position x represents the trajectory of the vortex.
2.
_nax __ Peak vorticity. The peak vorticity is located at (zi, yi) and its magnitude is indicative of the vortex concennation.
3.
F_ --Circulation of the vortex, ri represents the "spinning strength" of the vortex.
Each of these three descriptors are derivable from the secondary velocity data taken in a downstream crossplane, as illustrated in Figure 1 . A recent study conducted at NASA Lewis Research Center 5 focused on the quantitative description of the vortices shed from conventional vortex generator blades. In this study we conduct a similar examination of the low profile wishbone generator. These measurements have the additional benefit of providing workers in computational fluid dynamics a basis for modeling low profile wishbone generators in their studies. Simple mathematical models, developed in terms of the vortex descriptors, are derived from the data to represent the measured vortex structures as velocity and vorticity distributions. These models are then compared against the data.
Facilities and Procedures
The Test Facility
The investigation of tip vortices shed from vortex generators generally involves a grid spacing having a scale similar to that of the vortex viscous core diameter.
In the near-wake region of a low profile vortex generator this is roughly the same size as h, and thus only a fraclion of the local boundary layer thickness.
Typical test section turbulent boundary layers generated in facilities at NASA-Lewis are on the order of a centimeter or so in thickness. To obtain the fine scale grid resolution desired for this study it was necessary to locate a test facility capable of generating a nominally two-dimensional turbulent boundary layer with 6 in excess of 7 or 8 centimeters. The vortex generator models tested in this study are patterned after the Wheeler wishbone design. 7 Figure 4 is an illustration of the geometry. Two models were constructed from a block of aluminum alloy using a wire cutting (EDM) process. The dimensions of both models are given in Figure 4 . 
Thecenter of the vortex appears to be located on the fight shoulder of the vortex generator. The circulation, 1"i , is calculated by first isolating the region of core vorticity in the data field. This is done by referring to the contour plot in Figure 6b . A path enclosing the region of core vorticity is defined. The circulation is then calculated according to:
where V is the velocity vector in the crossplane, and :_ --X 0 t ,_ _
Uoo For an isolated turbulent vortex i located at (zi, Yi) the velocity components in the crossplane can be written in terms of the vortex descriptors./7 In cartesian coordinates: and:
The vorticity field is given by:
We can superimpose solutions for a representation of the wall and neighboring vortices. 
The best comparison occurs just above the RHS core, where the variance is less than 15%. The results of an experimental examination of the vortex structures shed from a low profile "wishbone" generator are presented. The vortex generator height relative to the turbulent boundary layer was varied by testing two differently sized models. Measurements of the mean three-dimensional velocity field were conducted in cross-stream planes downstream of the vortex generators. In all cases a counter-rotating vortex pair was observed. Individual vortices were characterized by three descriptors derived from the velocity data; circulation, peak vorticity, and cross-stream location of peak vorticity. Measurements in the crossplane at two axial locations behind the smaller wishbone characterize the downstream development of the vortex pairs. A single region of streamwise velocity deficit is shared by both vortex cores. This is in contrast to conventional generators, where each core coincides with a region of velocity deficit. The measured cross-stream velocities for each case are compared to an Oseen model with matching descriptors. The best comparison occurs with the data from the larger wishbone.
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